Quasi-dc ͑direct current͒ plasma immersion ion implantation ͑PIII͒ is demonstrated in the long-pulse mode. To prevent plasma extinction as a result of the sheath reaching the vacuum chamber wall in long-pulse experiments, a grounded grid is used to partition the chamber into two halves. The pulse width can be readily increased to 500 s that is more than 10 times longer than that in typical low-pressure PIII experiments for monoenergetic implantation ͑ion mean free pathӷsheath thickness͒. The electron saturation current measured by the Langmuir probe indicates that the grounded grid indeed stops the propagation of the plasma sheath. After the plasma sheath reaches the grounded grid, the pulse current drops to a smaller value indicative of the quasi-dc PIII mode. The plasma recovery time is found to be 800 s thereby limiting the maximum pulsing frequency to below 1 kHz, and the preferred pulse duration window is between 100 and 500 s. The secondary ion mass spectrometry profiles show that low energy ions are reduced using long pulses. This operation mode thus offers the unique advantage of a smaller low-energy ion component, that is, more monoenergetic ion distribution, and less surface damage compared to conventional short-pulse PIII. When compared to dc-PIII, this mode retains the discharge characteristics and works well for insulators. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1415404͔ Plasma immersion ion implantation ͑PIII͒ is a useful technique to modify the surface properties of materials and synthesize thin films.
Plasma immersion ion implantation ͑PIII͒ is a useful technique to modify the surface properties of materials and synthesize thin films.
1-5 PIII excels in large-area processing because of the higher sample throughput, lower cost, and smaller instrument footprint, such as semiconductor processing, 4,5 doping, [6] [7] [8] separation by plasma implantation of oxygen ͑SPIMOX͒, [9] [10] [11] and hydrogen-PIII/ion cut. 12, 13 The typical voltage pulse duration in PIII experiments is on the order of a few tens of microseconds. 1,4,5 Our previous results suggest that a longer pulse width will introduce a number of advantages to the hydrogen PIII/ion cut and water PIII processes, for instance, reduction of surface hydrogen, metal contamination, and ion implantation damage. 14 -16 Succinctly speaking, long-pulse PIII has the following advantages compared to short-pulse PIII: 17, 18 ͑1͒ Because the ratio of the voltage rise and fall times to the total pulse duration is smaller, the ratio of the high-energy to low-energy ion populations is larger. ͑2͒ For the same pulsing frequency, longpulse PIII shortens the processing time. It is attractive for controlling contamination, surface oxidation in SPIMOX experiments, and costs.
In typical PIII experiments, the duration of the highvoltage pulse is practically limited by the chamber dimensions and plasma parameters. [19] [20] [21] In order to achieve monoenergetic implantation, the width of the voltage pulse should be as long as possible, provided that the average current is low enough not to raise the substrate temperature significantly. However, a long pulse duration will allow the plasma sheath to expand to the chamber wall causing instability and eventually extinction of the plasma. Our previous theoretical study suggests direct-current plasma immersion ion implantation ͑dc-PIII͒ using a grounded conducting grid. 17 By optimizing the distance between the wafer stage and the grid with respect to the chamber dimension, most of the ions impact the top surface of the wafer. The process bodes well for planar samples such as silicon wafers. As the relative number of ions impacting the other surfaces ͑side and bottom͒ is reduced, the power efficiency and metallic contamination sputtered from the sample holder are improved. In addition, heat generation is reduced and sample cooling is much easier. Contamination from the grid is a nonissue given careful engineering, for instance, using a silicon-coated grid while implanting silicon wafers. In this work, we investigate the quasi-dc operating mode using the experimental setup illustrated in Fig. 1 . A grounded conducting grid between the wafer stage and plasma source blocks the plasma sheath expansion, and a variable extracting hole is used to adjust the implantation area on the wafers. In this way, the duration of the applied voltage pulse can be prolonged significantly without plasma extinction. This quasi-dc mode retains the pulsing characteristics and is thus suitable for insulating samples that are very difficult to process under the real dc mode.
The voltage and current waveforms are displayed in Fig.  2͑a͒ . The experimental conditions were: base pressureϭ3.3 ϫ10 Ϫ7 Torr, hydrogen gas pressureϭ3.2ϫ10 Ϫ4 Torr, rf powerϭ1 kW, magnetic field coil currentϭ5 A, pulse frequencyϭ50 Hz, Hϭ25 cm, and Dϭ30 cm. The voltage waveform shows a gradual increase in the beginning because the capacity of the high voltage modulator is not big enough. The current decreases rapidly between 120 and 150 s and stabilizes at a relatively small value of about 150 mA after 150 s as shown in Fig. 2͑b͒ . We believe that the plasma sheath front arrives at the grid at 120 s, and consequently, the current drops precipitously. Further propagation of the plasma sheath is stopped by the grounded conductive grid, and the small constant current indicates that the system has evolved into a quasi-dc-PIII state. For verification, we determine the time when the plasma sheath reaches the grid by measuring the electron saturation current using a Langmuir probe. 22 The electron saturation current changes according to the electron density, and Fig. 2͑a͒ discloses the relationship between the pulse current and electron saturation current. The probe is placed 25 cm above the wafer stage. Prior to the voltage pulse, the electron current saturates at around Ϫ5 mA. When a negative voltage pulse is applied, the electrons are repelled away from the wafer stage. At 120 s, the current drops to zero showing that the electron density is low at the grid and the sheath has reached the grounding grid. The electron saturation current in Fig. 2͑a͒ shows that the plasma recovery time is 800 s as it reverts back to around Ϫ5 mA at 800 s. Hence, the upper limit of the pulsing frequency is about 1 kHz under our experimental conditions.
After the expanding PIII sheath has reached the grounded grid, the rate of ions leaking from the plasma source to the bottom chamber is limited and the pulse current naturally drops to a smaller value. In fact, the system appears to have been switched from a PIII mode to a beam-line mode. However, the quasi-dc or dc PIII mode is physically and mechanically different from the beam-line mode. In beam-line implantation, the main purpose of the grids is to extract and accelerate the ions from the plasma source. A condensed electric field is applied within the grid region. In quasi-dc and dc PIII, the electric field is formed between the grounded grid and the sample stage. Consequently, the scanning technique has to be used in beam-line implantation whereas in quasi-dc or dc PIII, the immersion characteristic is retained and the implantation time is independent of the wafer size. In addition, to maintain a high ion throughput, the beam-line grids are constructed with identical ''small holes'' and straightly aligned among the layers. The alignment must be extremely accurate in order to avoid ions impacting the grids. In quasi-dc and dc PIII, the purpose of the single grid is to limit the expansion of the plasma. Leakage of ions through this single grid does not extinct the plasma but decreases the plasma density.
To verify the reduction of surface hydrogen, the depth profile acquired by secondary ion mass spectrometry ͑SIMS͒ from a sample implanted using quasi-dc PIII with a pulse duration 300 s is compared to those acquired from samples implanted using shorter pulse durations of 10 and 60 s without the grid. 13, 14 The total implantation time and pulsing frequency are adjusted to obtain a similar total dose for the three samples shown in Table I . The SIMS depth profiles are depicted in Fig. 3 . The total hydrogen dose, D T , surface dose S H ͑Ͻ40 nm͒, and ratios of S H /D T are computed from the SIMS data and displayed in Table I . The surface hydrogen ratio of the 300 s sample is only half of that of the 10 s sample. When the pulse duration is lengthened, the ratio of the voltage rise time during which low-energy ions are implanted to the steady-state time during which ions are implanted at the applied voltage ͑assuming negligible ion collision, that is, ion mean free pathӷdistance between the grid and sample͒ is smaller. Therefore, for the same ''effective implantation time,'' that is, pulse durationϫpulsing frequencyϫimplantation time, the amount of surface hydrogen and surface damage due to these low-energy ions are mitigated. In other words, the total number of pulses is smaller when a longer pulse width is used for the same implant dose, as shown in Table I . However, the reduction in the low-energy ions does not scale linearly with the number of total pulses due to neutral hydrogen adsorption from the plasma. Nonetheless, a shorter implantation time in the case of long-pulse implantation reduces the total exposure time to the plasma and further reduces this surface hydrogen component.
As shown in Fig. 2͑b͒ , the current before 120 s is much greater than that during the rest of the pulse. Attention must be paid to the real ''effective implantation current,'' that is, the ion current impacting the top of the stage. The initial pulse current before 120 s does not accurately reveal this ''effective implantation current,'' since most of this current is due to the sheath expansion capacitance and a large portion of these early ions are implanted into the side and bottom of the sample chuck. Our particle-in-cell simulation reveals that less than half of the ions are implanted into the top surface of the wafer stage during pulsed-mode PIII, 23 but on the other hand, a significantly larger percentage of the ions are implanted into the top surface in this quasi-dc mode, with the ratio reaching 100% in the real dc mode. 17 Owing to the displacement current and other factors, 24 it is incorrect to estimate the ratio of low-to high-energy ions implanted into the wafer using the pulse current alone, and elemental depth profiling should be used.
By partitioning the vacuum chamber, the efficiency of plasma generation can be increased. The size of the upper chamber that contains the plasma source can be much smaller than the bottom chamber since it does not affect the uniformity and energy of the implantation. The trajectories and impact energies of the ions are determined by the electric field formed at the chamber bottom. By applying a magnetic field coil as shown in Fig. 1 , we can better control and enhance the plasma and ion extraction to the bottom chamber. The relative amount of low-energy ions can be further decreased by raising the pulsing frequency above the upper limit, that is, allowing overlap of the plasma recovery periods. As the plasma is not fully recovered around the wafer stage, less ions will be accelerated and impact the wafer during the rise time of the voltage pulse.
The work was jointly supported by Hong Kong Research Grants Council CERG Nos. 9040412 or CityU 1003/99E and 9040577 or CityU 1013/01E. FIG . 3. Hydrogen depth profiles measured by SIMS from silicon samples implanted using pulse widths of 10 and 60 s without the conducting grid and 300 s using the conducting grid. 
